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This study is part of a larger program aimed at developing an FIlR methodology for the 
quantitative determination of the aliphatic and aromatic CH content of coals. Although a number of 
infrared studies of these quantities have appeared, there remains significant differences in the values 
reported by different groups, reviewed in reference 1. A m n t  publication by Solomon and Carangelo 
(2) is not included in this review and is a significant addition to the literature. The origin of these 
discrepancies is largely due to the difficulty in determining adsorptivities or absorption coefficients, 
those quantities that relate the intensity of an infrared band to the concentration of functional groups 
giving rise to that particular absorption. There are essentially three ways of doing this: 

a) calibrate using model compounds; 
b) 

c) 

The frst is obviously unsatisfactory, not least because it begs the question "what is the structure of 
coal and hence what is an appropriate model compound." The second method was pioneered, in its 
application to FTIR studies, by Peter Solomon and his group (2-5), but is equivalent to a procedure 
described by von Tschamler and deRuiter m r e  than 25 years ago (6). The hydrogen content of the coal 
is equated to the sum of the contributions from various functional groups 

equate the hydrogen content (from elemental analysis) to the sum of the functional group 
contributions; 
calibrate using soluble coal extracts. 

HT = HOH + H, +Hal 

where the total hydrogen content HT is measured by elemental analysis and HOH is determined by FTIR 
or other measurements. [COOH groups should also be measured in low rank coals]. Then; 

IHT - %HI = EarIar + Ealh 
where E, and Ed are "conversion factors" (an inverse function of the absorption coefficients) and I, 
and Id are the intensities of appropriate infrared bands. Ifa set of coals of roughly the same character 
(rank) are studied, we can assume E, and & are constants for that set and, from the experimentally 
measured values of HT, hoH, I, and Id. solve as a set of simultaneous equations for E, and Ed. As 
we have found in previous studies, however, this set of simultaneous equations is classically ill- 
conditioned (reviewed in detail in reference 1). In other words, even small experimental errors in a 
limited sample set results in the calculation of a range of almost equally valid solutions. In their recent 
study Solomon and Carangelo (2) employ the same method, seeking to improve the accuracy of their 
calculations by including data from coal chars, and conclude that there is also a variation in absorption 
coefficients with rank. They are no doubt right, but the problems with this methodology have not been 
overcome. Furthermore, in forming chars certain types of alkyl groups are preferentially cleaved and 
lost as volatiles while the remainder of the coal molecule undergoes a degree of reorganization that 
depends upon the conditions of char formation. This could also lead to some variation in absorption 
coefficients. 

The final method listed relies on the fact that the aromatic and aliphatic CH content of soluble 
material can be directly determined by proton nmr, thus allowing the absorption coefficients of infrared 
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bands of the same sample to be unambiguously calibrated. Of course, if the extract is significantly 
different in structure to the parent coal, thus having different absorption coefficients, these values would 
not be transferable. This is indeed the case for those coals where there is a high propomon of 
extractable long chain alkanes. Fortunately, the CH stretching vibrations of paraffin-like materials are 
characteristically sharp and readiiy recognizable and the correspondence in the specua of most extracts 
and their parent coals demonstrates a similarity in structure. Clearly, in order to determine the range of 
absorption coefficients associated with coal structure of varying degrees of aliphatic character by this 
method it is necessary that we obtain and study a wide range of samples. This serves to define the range 
of inevitable experimental error. 

Accordingly, at this point we see no substitute for a slow, meticulous, brute-force approach to data 
collection and analysis. During the past 3 years we have obtained the pyridine extracts of more than 
thirty-five U.S. coals and seventeen Polish coals. In this brief communication space does not permit a 
full description of the characteristics of these samples and the details of our analytical procedures; these 
will be presented elsewhere, but the FTIR methodology is similar to that described previously (1). Here 
we will simply present an overview of our results. 

The data from proton nmr studies of the coal extracts, together with elemental analysis and a 
knowledge of the OH content (from FTIR studies of acetylated samples), allows the aromatic and 
aliphatic hydrogen contents of the coals to be determined. Preliminary results are shown in figure 1. 
Although there is some scatter, to be expected from materials as heterogeneous as coal, the data is fairly 
closely grouped and clearly shows the expected trend of decreasing aliphatic CH content and increasing 
aromatic CH content with rank (% carbon content of parent coal). 

In principle, this data can now be applied to a determination of the absorption coefficients of 
infrared bands assigned to aromatic and aliphatic CH groups. In practice, errors play a major role in 
determining the accuracy of this procedure. Figure 2 shows a plot of the ratio of the intensities of the 
aromatic and aliphatic CH stretching modes, determined as band areas (from samples p p d  as KBr 
pellets) by curve-resolving procedures described elsewhere (1). There is some scatter in the results that 
is not simply a matter of the natural variability of aromatic and aliphatic CH content in coals from 
different sources. Obviously, a plot of the ratio of the intensities of the infrared bands should follow the 
ratio determined by proton nmr. This relationship need not be linear, if absorption coefficients vary 
with rank, but should at least be systematic Figure 3 shows that although a consistent trend can be 
obtained and a reasonable average value of the ratio of absorptivities determined, the effect of cumulative 
errors in the data is such that it is not possible to determine any variation with rank with any degree of 
certainty. The precision in this data can only be improved by averaging the results of additional 
spectroscopic analysis of these samples, a time consuming process which we are presently in the 
process of performing. 

Finally, we are also analyzing the same samples by diffuse reflectance measurements, so that the 
two FTIR methodologies can be directly compared. A plot of the ratio of intensities of the aromatic to 
aliphatic CH stretching modes against the ratio of the aromatic to aliphatic CH content determined bv 

I 

proton nmr is shown in Figure 4. The ratio of the values of the absorption coefficients is somewhat 
different to that determined from KBr pellets, but again errors, particularly in some of the high rank 
(larger H a d  ratio) coals necessitates additional work. Again a reasonable average value can be 
determined, but the subtleties of variation with rank are beyond detection given the present precision of 
the data. 
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Figure 1. Plot of the aliphatic and aromatic hydrogen content of a set of U.S. and Polish (PL coals), 
determined by proton nmr. 
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Figure 2. Plot of the ratio of the infrared band areas of the aromatic and aliphatic CH stretching modes 
for the set of extracts. 
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INTROOUCr lON 

Laser a b l a t i o n  F o u r i e r  t ransform mas9 spec t romet ry  (LAIFTYS) is  a technique  
which al lows t h e  i n v e s t i g a t i o n  of h igh  molecular  weight i n v o l a t i l e  m a t e r i a l s .  
Coals and cokes r e p r e s e n t  a c l a s s  of such m a t e r i a l s  and i n  g e n e r a l ,  mass s p e c t r o -  
met r ic  ana lyses  of such carbonaceous m a t e r i a l s  have g e n e r a l l y  been r e s t r i c t e d  t o  
thermal  d e s o r p t i o n  gas  chromatography-mass spectrometry.  B a t t s  and B a t t s  [ I 1  have 
r e c e n t l y  reviewed the a p p l i c a t i o n  of mass spec t romet ry  t o  c o a l  a n a l y s i s .  

The use of pulsed high power l a s e r s  i n  mass spec t romet ry  a s  a s o f t  i o n i z a t i o n  
technique i s  now w e l l  e s t a b l i s h e d  and has  f a c i l i t a t e d  the  i n v e s t - i g a t i o n  of 
macromolecular s p e c i e s  of s e v e r a l  thousand mass u n i t s  [2] .  The pulsed n a t u r e  o f  
the Four ie r  t ransform mass spec t rometer  and high powered pulsed I R  o r  UV l a s e r s  
r e p r e s e n t s  a l o g i c i l  combtnat ion f o r  l a s e r  a b l a t i o n  experiments .  This  technique  
o f f e r s  s e v e r a l  advantages [2-41, t h e  most important  of which a r e  h igh  mass 
r e s o l u t i o n  and extended mass range,  over  o t h e r  mass s p e c t r o m e t r i c  methods which 
incorpora te  t ime-of - f l igh t  o r  d e f l e c t i o n  type  a n a l y s e r s  and o t h e r  ' soFt  
i o n i z i t  ion' techniques.  

The carbon c o n t e n t  of c o a l  d i r e c t l y  r e f l e c t s  i t s  rank and l e v e l  oE 
matur i ty .  During c o a l i f i c a t i o n ,  the  t e r r e s t r i a l  o r g a n i c  mat te r  is modif ied by 
geochemical processes  t o  u l t i m a t e l y  form a n t h r a c l t i c  c o a l s .  P a r t i c u l a r l y  
s i g n i f i c a n t  is the  t r a n s i t i o n  observed a t  about  89% carbon c o n t e n t  where a romat ic  
lamel lae  i n  t h e  c o a l  begin t o  condense t o  form polycycl ic  a romat ic  compounds. 
T'lese polynuclear  s p e c i e s  a r e  important  components of  a n t h r a c i t i c  c o a l s  where they  
€arm t h e  b a s i s  f o r  the  f u r t h e r  growth of g r a p h i t e  s h e e t s .  

In t h i s  s tudy ,  we have examined by FTMS d i f f e r e n t  rank c o a l s  and model 
systems. The l a t t e r  tnc lude  g r a p h i t e  and d i f f e r e n t  r i n g  s i z e  polynuclear  a romat ic  
hydrocarbons. The i o n i z a t i o n  mechanisms and the  e f f e c t s  o f  I r r a d i a n c e  c o n d i t i o n s  
have a l s o  been examined. 

EXPERIMENT4L 

Table  1 p r e s e n t s  the  maceral composi t ions and e lementa l  a n a l y s e s  d a t a  f o r  t h e  
coa l  samples s t u d i e d .  These included two American a n t h r a c i t i c  c o a l s ,  o b t a i n e d  
from t h e  Pennsylvania  S t a t e  Univers i ty  sample bank, and an A u s t r a l i a n  semi- 
a n t h r a c i t i c  c o a l  and l i g n i t e .  The g r a p h i t e  and i n d i v i d u a l  po lynuclear  a romat ic  
compounds were obta ined  from commercial s o u r c e s ,  and were of such p u r i t y  t o  be 
used a s  received.  

The mass s p e c t r a  were obta ined  using a Bruker CMS-47 FTIICR mass spec t rometer  
equipped w i t h  a 4.7T superconduct ing magnet and a 24 b i t1256 kW Bruker ASPECT 3000 
computer. The s t a l n l e s s  s t e e l  high vacuum chamber and d i r e c t  i n s e r t i o n  probe were 
evacuated by B a i s e r s  330 lsec- '  and 50 lsec-' tu rbo  molecular  pumps, 
r e s p e c t i v e l y .  For t h e  l a s e r  a b l a t i o n  exper iments ,  t h e  samples  were f i n e l y  
powdered t o g e t h e r  wi th  N a C l  and pressed  i n t o  a d e t a c h a b l e  c y l i n d r i c a l  s t a i n l e s s  
s t e e l  s a t e l l i t e  probe t i p .  T h i s  i n  t u r n  was i n s e r t e d ,  us ing  a Bruker d i r e c t  
i n s e r t i o n  probe,  i n t o  a t i t a n i u m  s i n g l e  s e c t i o n  c y l i n d r i c a l  ( r=30 mm, h=60 mm) ICR 
c e l l .  773 



A t y p i c a l  l a s e r  a b l a t i o n  experiment  involved focuss ing  t h e  l a s e r  beam (1064 
nm, Spect ra  Phys ics  DCR-11) of a Nd-YAG l a s e r  t o  0.1 mm a t  the  sample s a t e l l i t e  
probe t i p .  The sample s u r f a c e  was s u b j e c t e d  t o  l a s e r  beam i r r a d i a n c e s  i n  the  
range of 0.005-1000 MWcm-', wi th  r e p r o d u c i b l e  i r r a d i a n c e  v a r i a t i o n s  being o b t a i n e d  
by us ing  n e u t r a l  d e n s i t y  f i l t e r s .  Two l a s e r  i r r a d i a n c e  t imes were used i n  the  
experiments ,  cor responding  t o  a long pulse  mode ( 2 3 0  p s )  and a Q-switched mode ( R  
nsec) .  Through c a r e f u l  r e g u l a t i o n  of t h e  l a s e r  i r r a d i a n c e  near  the i o n i z a t i o n  
threshold  i t  w a s  p o s s i b l e  t o  monitor the  e f f e c t  of l a s e r  i r r a d i a n c e  on the  
r e s u l t i n g  mass s p e c t r a .  A normal pulse  sequence c o n s i s t e d  of the  laser 
i r r a d i a t i o n  fo l lowed by a 1 second d e l a y ,  p r i o r  t o  d a t a  a c q u i s i t i o n  t o  a l low t h e  
desorbed n e u t r a l  s p e c i e s  t o  be evacuated and the  pressure  to  r e t u r n  to  1-10-8 
mbar. I o n s  were t rapped  i n  the  c e l l  by p o t e n t i a l s  of approximately 4V. The 
t r a n s i e n t  was s t o r e d  as  64 k d a t a  p o i n t s  p r i o r  t o  F o u r i e r  t ransformat ion  t o  o b t a i n  
a magnitude mode spectrum. For the r e s u l t s  repor ted  h e r e ,  no a t tempt  was made t o  
improve r e s o l u t i o n  of t h e  high mass carbon c l u s t e r s  by s e l e c t i n g  smaller mass 
ranges,  t o  improve the  d e n s i t y  of  d a t a  poin ts .  

RESULTS AND DISCUSSION 

Model Systems 

Figure  1 shows the  mass s p e c t r a  of two of the  polynuclear  a romat ic  
hydrocarbon compounds; chrysene  and f luoranthene .  The most abundant ions  i n  e a c h  
s p e c t r a  r e s u l t  from the molecular  i o n ,  M+' and t h e  adduct  ion  [M + XI', where X is 
Na'. This  i o n  d i s t r i b u t i o n  was found f o r  a l l  the  polynuclear  a romat ic  model 
compounds, f o r  the  l a s e r  a b l a t i o n  experiments .  This  r e s u l t  i n d i c a t e s  the 
occurrence of  a t  l e a s t  two d i f f e r e n t  i o n i z a t i o n  pathways. The presence  of adduct  
ions in t h e  mass s p e c t r a  i n d i c a t e s  a s u r f a c e  l a s e r  d e s o r p t i o n  mechanism, wi th  
at tachment  of a l k a l i  meta l  ions  t o  i n v o l e t i l e  molecules  [51 .  For example, i n  
F igure  l ( a )  t h e  adduct ion  of chrysene ,  [CI8Hl2 + Nal' (m/z 2 5 1 )  r e s u l t s  from t h e  
at tachment  of Na' to  the a romat ic  compound t o  form t h e  ion ized  s p e c i e s ,  w i t h  
subsequent  v o l a t i l i z a t i o n  by l a s e r  desorp t ion .  

In c o n t r a s t ,  t h e r e  i s  no informat ion  t o  a l low a c o n f i d e n t  p r e d i c t i o n  of t h e  
It+' molecular  ion  format ion  mechanism. 
where s imul taneous  i o n i z a t i o n  and v a p o r i z a t i o n  of the  condensed phase l e a d s  t o  t h e  
format ion  of t h e  :l+* i o n s .  
where n e u t r a l s ,  which a r e  desorbed by t h e  i n i t i a l  p a r t  of the l a s e r  pu lse ,  a r e  
i o n i s e d  by photons i n  t h e  l a t t e r  p a r t  oE the  l a s e r  p u l s e  may be occurr ing .  Yet 
another  p o s s i b i l i t y  i s  ion lmolecule  r e a c t i o n s ,  where s m a l l e r  desorbed s p e c i e s  
recombine i n  t h e  emi t ted  plasma cloud.  However, the  important  po in t  t o  n o t e  is 
t h a t  t h e r e  is  more than one i o n  format ion  mechanism p o s s i b l e  [ 6 ]  and i t  i s  
u n l i k e l y  i n  any high power l a s e r  a b l a t i o n  experiment  t h a t  a l l  ions  a r e  formed by a 
s i n g l e  i o n i z a t i o n  process .  Consider ing the u n c e r t a i n t y  concerning t h e s e  
i o n i z a t i o n  mechanisms f o r  M'. fo rmat ion ,  i t  appears  t h a t  l a s e r  d e s o r p t i o n  
i o n i z a t i o n  of i n v o l a t i l e  s u r f a c e  s p e c i e s  may only be unequivoca l ly  a s s i g n e d  from 
adduct  ions .  

It could be a l a s e r  d e s o r p t i o n  process ,  

A l t e r n a t i v e l y ,  a mult iphoton i o n i z a t i o n  mechanism 

I n t e r e s t i n g l y ,  l a s e r  a b l a t i o n  of the  g r a p h i t e  sample (F igure  ?.(a)) a t  s i m i l a r  
i r r a d i a t i o n  c o n d i t i o n s  as the  model compounds gave only  M" s p e c t r a .  
d i s t r i b u t i o n  observed f o r  t h e  carbon c l u s t e r  ions  ranged from C l l +  t o  C28+, with 
the most i n t e n s e  i o n s  a t  CIS+  and CI9+.  Laser a b l a t i o n  FTXS s t u d i e s  on  g r a p h i t e  
have been previous ly  repor ted  by M c E l v a n y s s .  [ 7 1 ,  who observed carbon c l u s t e r s  
upto C180+, w i t h  the  most s t a b l e  species being C60+. Compared with the  p r e s e n t  
s tudy ,  t h i s  e a r l i e r  i n v e s t i g a t i o n  used (1) a d i f f e r e n t  ins t rument  c o n f i g u r a t i o n ,  
(2)  d i E f e r e n t  i r r a d t a t i o n  c o n d i t i o n s ,  and ( 3 )  e j e c t e d  a l l  s p e c i e s  below C18+ t o  
enhance the  r e s o l u t i o n  of the  h i g h e r  molecular  weight carbon c l u s t e r s .  It has 
a l s o  r e c e n t l y  been repor ted  t h a t  C60+ is remarkably s t a b l e  and i s ,  i n  f a c t ,  a 
s p h e r i c a l  a romat ic  molecule  w i t h  a t r u n c a t e d  icosahedron ( s o c c e r  b a l l )  
s t r u c t u r e .  Indeed,  carbon c l u s t e r s  have been proposed a s  being important  a s  
n u c l e a t i o n  agents  f o r  s o o t  format ion  and being present  i n  i n t e r s t e l l a r  d u s t  c l o u d s  

The mass 

[SI. 7 74 
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The absence o f  [M + Nal' adduct  ions  i n  the  mass spec t rum means t h a t  i t  is 
d i f f i c u l t  t o  de te rmine ,  unequivoca l ly ,  whether t h e  carbon c l u s t e r  i o n s  a r e  formed 
from s u r f a c e  s p e c i e s  by s imple  v o l a t i l i z a t i o n  and p h o t o d i s s o c i a t i o n  ( i . e .  a l a s e r  
d e s o r p t i o n  p r o c e s s )  o r  a r e  formed i n  the  g a s  phase by the  o t h e r  i o n i z a t i o n  
mechanisms, t h e  l a t t e r  of t h e s e  be ing  more l i k e l y  [71. It is a l s o  p o s s i b l e  i n  
l a s e r  d e s o r p t i o n  exper iments  t h a t  t h e  adduct ions  a r e  not  observed ,  a s  v e r y  l a r g e  
a romat ic  s p e c i e s  may n o t  n e c e s s a r i l y  form s t a b l e  adducts  w i t h  Na'. 

Negative ion  carbon c l u s t e r s  have a l s o  been observed €or t h e  g r a p h i t e  sample 
(F igure  2 ( b ) ) ,  w i t h  the  l a r g e s t  c l u s t e r  be ing  a t  C Z 5  (m/z 300). The d e t e c t i o n  oE 
negat ive  i o n s  is  e a s i l y  performed i n  the  FMS by r e v e r s i n g  t h e  p o l a r i t y  o f  t h e  
t rapping  p l a t e  p o t e n t i a l s .  The n e g a t i v e  i o n  carbon c l u s t e r  d i s t r i b u t i o n  does n o t  
resemble t h a t  of t h e  c a t i o n s .  Only s m a l l e r  carbon c l u s t e r  a n i o n s  a r e  s t a b l e .  The 
d i f f e r e n c e  between the  an ion  and c a t i o n  c l u s t e r s  can be a t t r i b u t e d  t o  a d i f f e r e n t  
mechanism of formation. The e m i t t e d  plasma c loud  i s  made up oE i o n s ,  n e u t r a l s  and 
e l e c t r o n s ,  and e l e c t r o n  a t tachment  is be l ieved  t o  be t h e  mechanism oE format ion  
l o r  t h e  a n i o n i c  c l u s t e r s .  I t  i s  r e p o r t e d  t h a t  t h e s e  carbon c l u s t e r  a n i o n s  do  n o t  
undergo r e a c t i o n  wi th  n e u t r a l  carbon s p e c i e s  i n  t h e  plasma t o  Eorm l a r g e r  carbon 
c l u s t e r s  (>C,,) [71. 

Coals - 
Laser a b l a t i o n  of a l l  the  a n t h r a c i t i c  c o a l s  on ly  g e n e r a t e d  charged carbon 

c l u s t e r s .  There was no ev idence  o l  adduct i o n  format ion  Ln t h e  mass s p e c t r a ,  even 
when the samples were h e a v i l y  doped ( i . e .  2 0 : l )  w i t h  a l k a l i  meta l  s a l t s .  F i g u r e  
3(a&b) shows the mass d i s t r i b u t i o n s  €or  t h e  c a t i o n i c  (C,+ where 3<n <150) and 
a n i o n i c  (C where 2<n <25) carbon c l u s t e r s  from t h e  A u s t r a l i a n  a n t h r a c i t i c  c o a l .  
The mass d P s t r i b u t i o n s  a r e  t y p i c a l  of those  a l s o  observed f o r  t h e  two American 
a n t h r a c i t i c  c o a l s .  In a l l  c a s e s ,  the  most i n t e n s e  and s t a b l e  c a t i o n i c  carbon 
c l u s t e r  was C60+, and t h e  mass d i s t r i b u t i o n s  were s i m i l a r  t o  t h o s e  p r e v i o u s l y  
repor ted  f o r  g r a p h i t e  171. 

I t  is  a l s o  e v i d e n t  from f i g u r e  3 ( a )  t h a t  t h e  even numbered c l u s t e r s  have 
g r e a t e s t  s t a b i l i t y ,  and Smalley e t  a l .  [9] have proposed a l i k e l y  format ion  
mechanism t o  account  l o r  t h i s  phenomenon. Formation o f  t h e  h i g h  even mass carbon 
c l u s t e r  c a t i o n s  has  been a t t r i b u t e d  t o  ion /molecule  r e a c t i o n s  t h a t  occur  i n  t h e  
l a s e r  desorbed plasma. Highly r e a c t i v e  carbon r a d i c a l s  ranging  i n  s i z e  from one  
t o  twenty atoms a r e  i n i t i a l l y  desorbed from t h e  sample. These then  r e a c t  w i t h  
each  o t h e r  t o  form t h e  l a r g e r  more s t a b l e  even numbered c l u s t e r s .  

The mass d i s t r i b u t i o n  of the  a n i o n i c  carbon c l u s t e r s  ( F i g u r e  3 ( c ) )  i s  s i m i l a r  
t o  t h a t  observed from t h e  g r a p h i t e  sample. It would, t h e r e f o r e ,  appear  t h e  same 
mechanism a s  t h a t  proposed f o r  g r a p h i t e  [ 7 ]  a l s o  accounts  Eor t h e  low mass range 
d i s t r i b u t i o n s  from the  t h r e e  a n t h r a c i t i c  c o a l s .  

Another impor tan t  f a c t o r  which has been observed t o  i n f l u e n c e  t h e  l a s e r  
a b l a t i o n  mass s p e c t r a  i s  the  l a s e r  i r r a d i a n c e  time. 
t h e  e f E e c t  oE d i f f e r e n t  l a s e r  i r r a d i a n c e  t imes  (200 us) and 8 ns) on  t h e  mass 
d i s t r i b u t i o n s  of t h e  c a t i o n i c  and a n i o n l c  carbon c l u s t e r s ,  r e s p e c t i v e l y .  I t  is 
be l ieved  t h a t  both the  l a s e r  i r r a d i a n c e  time and t h e  molecular  s t r u c t u r e  of t h e  
sample a r e  impor tan t  i n  de te rmining  t h e  format ion  and mass d i s t r i b u t i o n  of the  
carbon c l u s t e r s  [71. This  is d r a m a t i c a l l y  shown i n  t h e  mass d i s t r i b u t i o n s  of t h e  
c a t i o n i c  carbon c l u s t e r s .  The mass d i s t r i b u t i o n  produced a t  an i r r a d i a n c e  t ime of 
200 us ( F i g u r e  3 ( d ) )  shows s p e c i e s  up t o  C150t, whi le  t h a t  produced w i t h  an 
i r r a d i a n c e  t ime of  8 n s  ( F i g u r e  3 ( b ) )  shows o n l y  a few lower mass range carbon 
c l u s t e r s .  In c o n t r a s t ,  t h e  mass d i s t r i b u t i o n s  of t h e  a n i o n i c  carbon c l u s t e r s  
( F i g u r e s  3(cCd)) show o n l y  a s m a l l  v a r i a t i o n  w i t h  d i f f e r e n t  i r r a d i a n c e  times. 

F i g u r e s  3(a&b)'  and (cbd)  show 

The mass d i s t r i b u t i o n s  from t h e  l a s e r  a b l a t i o n  exper iments  on t h e  l i g n i t e  
( F i g u r e s  4 (abb)  a r e  s i m i l a r  t o  t h o s e  from t h e  a n t h r a c i t i c  c o a l s .  Again,  t h e  most 
i n t e n s e  and s t a b l e  s p e c i e s  i n  the mass d i s t r i b u t i o n  of t h e  c a t i o n i c  carbon 
c l u s t e r s ,  which range up t o  Ct50t. is C60t. S i m i l a r l y ,  t h e  mass d i s t r i b u t i o n  oE 
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- 
t h e  a n i o n i c  carbon c l u s t e r s  a r e ,  a g a i n  also, below CZ5 . 
mechanisms which g e n e r a t e  t h e  c a t i o n i c  and a n i o n i c  carbon c l u s t e r s  from t h e  
g r a p h i t e  and the  a n t h r a c i t i c  c o a l s  a r e  t h e  same a s  those  forming i o n i c  carbon 
c l u s t e r s  from the l i g n i t e .  

Apparent ly ,  t h e  

The i r r a d i a t i o n  c o n d i t i o n s  used in our  l a s e r  a b l a t i o n  experiments  d i d  not 
produce l a r g e  ( i .e .  n > 30) carbon c l u s t e r s  from the  g r a p h i t e .  However, no 
d i f f i c u l t y  was encountered i n  g e n e r a t i n g  t h e s e  s p e c i e s  from e i t h e r  the  a n t h r a c i t i c  
c o a l s  or  l i g n i t e .  Thts  o b s e r v a t i o n  s u g g e s t s  t h a t  more enr rgy  is  requi red  t o  b r e a k  
the  h i g h l y  ordered  and s t r o n g l y  bonded covalen t  g r a p h i t e  l a t t i c e ,  than the  
s t r u c t u r a l  components and l i n k a g e s  in c o a l s .  

CONCLUStONS 

1. A s tudy  of po lynuclear  a romat ic  hydrocarbons by FTMS has shown t h e  v i a b i l i t y  
of t h e  technique  f o r  i n v e s t i g a t i n g  s u r f a c e  spec ies .  

2. C a t i o n i c  and a n i o n i c  carbon c l u s t e r s  a r e  genera ted  from a n t h r a c i t i c  c o a l s  a n d  
1 i g n i t e .  

3. Under t h e  exper imenta l  c o n d i t i o n s  u s e d  i n  t h t s  i n v e s t i g a t t o n ,  t h e  mass 
d i s t r i b u t i o n s  of the c a t i o n i c  and a n i o n i c  carbon c l u s t e r s  appear  t o  be 
independent  o f  c o a l  rank,  and s i m i l a r  t o  those prev ious ly  repor ted  f o r  
g r a p h i t e .  
The absence  of  [M+Na]+ adducts  i n  the  mass d i s t r i b u t i o n s  from the c o a l s  means 
t h a t  the  carbon c l u s t e r s  cannot  be unequivoca l ly  cons idered  a s  being desorbed  
from the  c o a l  s u r f a c e ,  h u t  more l i k e l y  a r e  formed in t h e  g a s  phase by 
a l t e r n a t e  i o n i z a t i o n  mechanisms. 

5. The format ion  and mass d i s t r i b u t i o n s  o f  the c a t i o n i c  carbon c l u s t e r s  a r e  
dependent  on t h e  l a s e r  i r r a d t a t i o n  time. 

6. The p o t e n t i a l  of FTMS f o r  s t u d y i n g  carbonaceous m a t e r i a l s ,  such a s  c o a l s  and 
g r a p h i t e ,  has been demonst ra ted .  F u r t h e r  developments i n  the  technique  s h o u l d  
provide  g r e a t e r  i n s i g h t  i n t o  t h e  s t r u c t u r e  and na ture  of these  m a t e r i a l s .  

4. 
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HODELING OF COAL STRUCTURE USING CORPUW.R-AIDED HOLECULAR DESIGN" 

G. A. Carlson and B. Granoff 
Fuel Science Division 

Sandia National Laboratories, Albuquerque, N. M. 87185 

Abstract 

Knovledge of coal molecular structure is important in the understanding of coal 
reactivity. Computer-aided Molecular Design (CAMD) has been used to create and 
study 3-dimensional models of several postulated coal structures (Given, Wiser, 
Solomon, and Shinn). Using molecular dynamics calculations, a minimum-energy 
conformation for each structural model has been determined. Characteristics of 
the resulting coal structures will be discussed. Interactions of the structures 
with polar and non-polar solvent molecules are being explored to provide insight 
into coal pre-conversion chemistry. Future studies possible with this new tool 
will be outlined. 

Introduction 

The reactivity of coal is determined in substantial part by its chemical and 
physical structure. However, within any given coal there is considerable 
heterogeneity. Nonetheless, because of the strong link between structure and 
reactivity, there have been many attempts to model the macromolecular structure 
of various coals. For bituminous coals, the most widely accepted models 
developed during the past 30 years have been the aromatic/hydroaromatic 
structures, in which groups of about three aromatic rings, containing appropriate 
numbers and types of heteroatoms, are interconnected ,by hydroaromatic or 
aliphatic linkages (1-4). These models incorporate the average chemical and 
molecular characteristics of coal, and are not intended explicitly to represent 
actual "coal molecules". More recently, Spiro ( 5 )  has constructed physical 
space-filling models of several of these structures. Using the insight obtained 
from these models, he identified several steric difficulties in the original 
structures, and discussed the possible significance of the three-dimensional 
structures on mechanisms of coal pyrolysis. 

Recently, computer-aided molecular design (CAHD) techniques have been developed 
to provide additional understanding of the structure and properties of complex 
molecular systems (6). Currently, CAMD techniques are being widely used in the 
pharmaceutical industry to guide the design and synthesis of a variety of 
biomolecules (drugs, enzymes, inhibitors, proteins). Using CAMD, one can not 
only construct a three-dimensional representation of a molecule, but can also 
convert the structure to an energy-minimized physical conformation, using 
molecular dynamics techniques. CAMD has been used to study basic coal structure 
( 7 ) ,  but not to examine the energetics of the structures. In this paper, CAMD is 
used to create three-dimensional models based on several postulated coal 
structures, and then to identify minimum-energy physical conformations for these 
models. 

*This work supported by the U. S. Dept. of Energy at Sandia National Laboratories 
under Contract DE-AC04-76DP00789. 
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Uethod 

The CAMD studies described were carried out using BIOGRAF (BioDesign, Pasadena, 
CA), a software package for simulating organic and biological molecules. BlOGRAF 
allows the user to build molecules (structures), display them in a variety of 
formats (stick; dot surface; space-filling) and identify minimum energy 
conformations for them. The minimum energy conformations are found using 
molecular dynamics techniques with a suitable force-field approximation (6). In 
molecular dynamics, the energy of a structure is evaluated periodically as the 
atoms are allowed to move according to Newton's equations of motion at a 
specified "temperature" (which defines the atomic velocities). Dynamics runs 
usually involve many thousands of evaluation steps, representing the equivalent 
of many picoseconds of molecular motion. During the dynamics runs, structures 
twist and fold in ways which tend to optimize the non-bonded interactions (van 
der Waals, ionic, and hydrogen bonds), while maintaining appropriate bond lengths 
and angles. 

BIOGRAF supports a number of force fields (AMBER, MM2, and DREIDING); in the 
current study, DREIDING was used. DREIDING is a very general force field that 
accounts for bond stretches and angles, torsions, and non-bonded interactions for  
a large number of atom types. Its accuracy is limited because it uses the same 
force constants for all atom types, although not for all types of interactions 
(i.e., the force constants for bond stretches are different from those for  
bending interactions, etc.). With this limitation, the energies calculated are 
most meaningful relative to one another, rather than in a quantitative sense. 
The BIOGRAF program was run on a MicroVAX I1 computer equipped with an Evans and 
Sutherland PS390 graphics terminal. The size of coal structures evaluated, and 
the duration of molecular dynamics runs, were limited by the available computing 
speed of this system (a 5000-step, 10-ps molecular dynamics run for a 1040-atom 
structure, with about 75,000 van der Waals interactions per step, required about 
100 hours of computation). 

Results 

BIOGRAF was used to create three-dimensional models of four postulated bituminous 
coal structures, those of Given (l), Wiser (2), Solomon ( 3 ) ,  and Shinn ( 4 ) .  
After each of the models was created, i t  was converted into a minimum-energy 
physical conformation using molecular dynamics and energy minimization. Two of 
the structures, Given's and Shinn's, are shown in Figures 1 and 2 .  The Givens 
structure is shown because it has been widely cited as a possible representative 
coal structure. The Shinn structure represents the most complex coal structure 
in the literature, is also widely cited, and is similar in many ways to the Wiser 
and Solomon structures. Figures la and 2a show the two-dimensional molecular 
structures reported originally by Given and Shinn. These were used, with minor 
modifications, to create the computer space-filling models shown in Figures lb 
and 2b (Given's structure was modified as suggested by Spiro (5) to eliminate a 
very strained quaternary carbon bond, and Shinn's structure was simplified by 
eliminating that fraction identified in his Table 5 as "residue", approximately 
20% of the original structure). As the top and side views in Figure 2b show, the 
models are nominally two-dimensional at this point. Finally, Figures IC and 2c 
show the minimum energy conformations adopted by the two models after 10-ps 
molecular dynamics runs. It is clear from the folding of these latter figures 
(especially Figure 2c) that simple two-dimensional representations probably do 
not adequately represent the coal structure. Significantly, the Given structure 
(Figure I), constrained by pairs of methylene bridges between aromatic 
structures, is seen to be rather rigid. It did not change shape during molecular 
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dynamics as much as the Shinn structure, which folded up considerably due to van 
der Waals and hydrogen-bonding interactions. The Wiser and Solomon structures, 
not shown, behaved much like the Shinn structure during energy minimization. 

To evaluate further the CAMD results, a program was written to extract a number 
of atomic and chemical parameters from each structure (number of atoms, fractions 
of aromatic carbon and hydrogen, weight fraction of each atomic species, 
empirical formula). The results were compared with the original literature for 
each structure. This provided a useful check on the accuracy of the computer 
models, which were rather complex (over 1000 atoms in the Shinn structure). In 
all cases, the CAMD models compared favorably with the literature values. 
Results of the computer analyses for the four structures analyzed are given in 
Table I. The total numbers of atoms only appear as guides to the size and 
complexity of each structure, and bear no relationship to the size of a "coal 
molecule" or a decomposition product. The most significant difference between 
the models appears to be in the values assumed for aromatic hydrogen. Given's 
value is much lower than those of the other authors and is probably incorrect, 
judging from more recent FTIR data (8) .  Given used pairs of methylene bridges 
extensively to satisfy his low ratio of aromatic hydrogen, thus explaining the 
major difference between his and the other structural models. 

Also included in Table I is the minimum energy for each structure, calculated 
during molecular dynamics runs in which the "temperature" was reduced over a 10- 
ps period from 300 K to 10 K. In order to make the results more easily 
comparable, the energies are expressed per unit atom. The Given structure is 
energetically less favorable than the other three, because when it is considered 
as an isolated structure, its relative rigidity allows only minimal van der Waals 
and hydrogen-bond interactions. However, even if a number of Given structures 
were made to interact, their rigidity would still allow less non-bonded 
interactions, resulting in higher energy relative to the other structures. Thus, 
the Shinn, Wiser and Solomon structures appear at this time to be the more 
favored structures, based both on their more appropriate chemical characteristics 
and on their observed structural flexibility and energetic advantages. 

Discussion 

Three-dimensional models of postulated coal structures have been created, and 
minimum-energy conformations identified. For each of the three relatively 
flexible structures modeled, there was actually a large number of slightly 
different conformations with similar (low) energies. This suggests first that a 
number of nearly-equivalent structures might be equally probable in coal, and 
second, that structures with substantially lower energies than those identified 
are probably not likely. Although the ring structures in the energy-minimized 
Shinn structure (Figure Zc) show on the average no preferred orientation 
(although some local stacking was observed), the macrostructure is still somewhat 
anisotropic. If an extended structure based on the several units of the original 
quasi-planar Shinn structure had been constructed and energy-minimized, the 
anisotropy would have been more marked. This is in accord with Larson's 
experimental observations (9)  that vitrinite samples have essentially randomly 
oriented organic groups (on a macroscopic scale), but at the same time show 
highly anisotropic mechanical and solvent swelling properties. 

This work represents a first use of CAMD techniques to model coal structure and 
energetics. It has been possible to differentiate several postulated bituminous 
coal structures based on their three-dimensional character and their energetics. 
Obviously, these techniques could also be used to model coals of varying rank. 
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Modifications of the CAMD software are planned to allow the calculations of true 
and particle density of the coal structures. These density calculations will be 
especially important in the study of coal-solvent interactions, using both polar 
and non-polar solvents. Such studies should provide further insight into the 
nature of solvent swelling phenomena and the role of porosity in coal. Finally, 
although more difficult, it may be possible to model chemical interactions 
approximately using CAMD. In all, it appears that CAMD techniques represent a 
potentially very powerful new tool for studying the nature of coal structure and 
its effect on reactivity. 
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Figure 1. Given structure. a)  Structure from literature; b) 
Initial CAM-generated Structure; c) Energy-minimized CAHD 
structure. 



Figure 2. Shinn Strllcture. a) St'ructure from literature; b )  Initial 
CAMD-generated structure, top and side views; c) Energy-minimized 
CAMD structure, top and side views (same orientation, same s c a l e ) .  


